ABSTRACT: During the first hours after release of petroleum at sea, crude oil hydrocarbons partition rapidly into air and water. However, limited information is available about very early evaporation and dissolution processes. We report on the composition of the oil slick during the first day after a permitted, unrestrained 4.3 m 3 oil release conducted on the North Sea. Rapid mass transfers of volatile and soluble hydrocarbons were observed, with >50% of ≤C 17 hydrocarbons disappearing within 25 h from this oil slick of <10 km 2 area and <10 μm thickness. For oil sheen, >50% losses of ≤C 16 hydrocarbons were observed after 1 h. We developed a mass transfer model to describe the evolution of oil slick chemical composition and water column hydrocarbon concentrations. The model was parametrized based on environmental conditions and hydrocarbon partitioning properties estimated from comprehensive two-dimensional gas chromatography (GC×GC) retention data. The model correctly predicted the observed fractionation of petroleum hydrocarbons in the oil slick resulting from evaporation and dissolution. This is the first report on the broad-spectrum compositional changes in oil during the first day of a spill at the sea surface. Expected outcomes under other environmental conditions are discussed, as well as comparisons to other models.
■ INTRODUCTION
After an oil spill, many petroleum hydrocarbon compounds fractionate rapidly into the atmosphere and water column. 1 The early behavior of oil spilt at sea thus controls the initial exposures of marine organisms to oil components: high concentrations of dissolved aromatic hydrocarbons in the water underlying oil slicks are considered especially likely during the first hours and days after a spill.
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However, compositional data describing early evaporation and dissolution processes in the field are limited. Environmental sampling does not begin until several days after an accidental oil spill, because logistical challenges preclude early sampling of an unanticipated release. Data describing early fractionations have been reported for long-lasting releases resulting from offshore oil well blowouts 5−8 and natural sea floor oil seeps. 9 However, oil and gas hydrocarbons emitted from the deep sea floor experience prolonged exposure to the water column before reaching the atmosphere at the sea surface. Consequently a deep sea floor release likely undergoes a much greater extent of dissolution compared to a sea surface release. Some experimental data relevant to sea surface releases have been obtained through mesoscale laboratory experiments. 10, 11 Additionally, several controlled oil release experiments of up to 100 t have been conducted at sea (off Norway, the United States, Canada, the United Kingdom, and The Netherlands), as early as 1930. 4,12−37 Among these, several studied early evaporation of the slick and/or dispersion/ d i s s o l u t i o n i n t o t h e u n d e r l y i n g w a t e r c o lumn, 4, 13, 17, 19, [23] [24] [25] [26] [27] 29, 30, 32, 37 using techniques including the following: evaluation of distillation data for collected oil slick samples; gas chromatography (GC) analysis of slick and water column samples; and in situ fluorimetry, light-scattering, and radioactive tracer tracking of the water column. These field data were used for the development and validation of oil spill models such as the OSCAR model, developed by SINTEF, and its oil weathering model (OWM) component. 15, 27, 31, 33, 38 However, limited data is available describing the concentrations of individual hydrocarbons, except a few reports of trends for n-alkanes in oil slicks during the initial hours after the release. 4, 17, 25 After the release of oil on the sea, several physical processes simultaneously modify oil composition and properties, including evaporation, aqueous dissolution, sorption, emulsification, and dispersion. 1 Evaporation usually dominates the early fractionation of petroleum compounds after a spill, typically affecting compounds with boiling points lower than n-pentadecane (n-C 15 ). 39 Evaporation can remove up to 75% of the oil volume within a few days for light crude oils, up to 40% for medium crude oils, and about 5% for heavy or residual oils. 40 Under turbulent sea surface conditions, some oils rapidly form water-in-oil emulsions, and this is expected to decrease mass transfer rates. 39, 41, 42 In this paper the term mass transfer has units of mass; the terms mass transfer rate or mass loss rate have units of mass time . Compared to evaporation, dissolution removes less mass from the oil phase during early weathering. 4,43−45 However, dissolution is important in terms of aquatic ecotoxicological impact, because several individual soluble hydrocarbon compounds as well as hydrocarbon mixtures are toxic to aquatic species. 1,46−49 For example, total polycyclic aromatic hydrocarbons (PAHs) levels of up to 115 and 42 μg L −1 were detected in the water column a few days to months after the North Cape and Exxon Valdez oil spills, respectively. 50, 51 Higher concentrations of total PAHs of up to 100 mg L −1 were recorded in the water column during the Deepwater Horizon oil spill, 6 where ascending oil and gas were subjected to prolonged exposure to the water column before having the opportunity to ventilate into the atmosphere. 52 It is challenging to apportion mass transfers of hydrocarbons resulting from evaporation and dissolution out of the oil phase, because both processes act simultaneously on many of the same compounds. 44 Different models have been developed to predict the evaporation and dissolution of hydrocarbons at sea. 4,15,40,43−45,53−69 Several of these models consider oil as a single component, 54−56 unable to capture the independent behaviors of the thousands of compounds that constitute oils. 70 However, models applicable to the partitioning behavior of individual compounds or to pseudocomponents have also been developed. 4,15,43,53,57−69 Additionally, some models consider dispersion, or entrainment of oil into the water column, plus oil dissolution and evaporation. 15, 16, 62, 63, 69, 71 The processes of evaporation and dispersion have received more extensive field testing, 15, 16, 19, 21, [24] [25] [26] 29, 32, 37 whereas dissolution has received less evaluation in the field.
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Two field studies have evaluated compound-by-compound modeling of evaporation and dissolution for a broad range of petroleum hydrocarbon compounds in beached oils. 43, 53 In both studies, comprehensive two-dimensional gas chromatography (GC×GC) retention information was used to estimate the vapor pressures and aqueous solubilities of measured oil hydrocarbons in the n-C 10 to n-C 24 elution range or 174 to 391°C boiling point range. 72 Resulting estimates of partitioning properties were then used to parametrize simulations of evaporation and dissolution mass transfers for all GC×GC-determined hydrocarbon analytes eluting in this boiling point window. Using this approach, mass transfer model predictions were successfully compared to measured field sample data for oil beached near Cape Cod, MA, after the 2003 Bouchard 120 oil spill 43 and also for oil beached in San Francisco Bay after the 2007 Cosco Busan oil spill. 53 However, neither of these studies evaluated the very early period (<7 days) of mass transfers to air and water.
Here, we report results from a controlled oil release experiment conducted in open waters on the North Sea during September 29−30, 2009 . With this study, we aim to bridge the knowledge gap that exists due to the lack of early oil composition data and specifically to shed light on the initial evaporation and dissolution processes during the first day of an oil spill. We present detailed hydrocarbon compositional analysis of collected oil slick and oil sheen samples during the first day after release. These field measurements are compared to a transport model that we developed to describe early mass transfer processes during the field experiment. , a Reid vapor pressure of 3.4 kPa, and a kinematic viscosity of 373 mm 2 s −1 at 20°C. These and other measured properties of the oil compared favorably with values reported previously by Statoil 73 for Grane crude (Supporting Information Section S-1). Due to weather and logistical constraints, oil slick, oil sheen, and water column samples were taken at irregular time intervals. Oil slick and sheen samples were taken from the sea surface, from a small rubber motorboat deployed from the Arca, at several time points after the end of the oil release: 0.58; 0. 88; 3.70; 18.07; 19.62; 19.82; 22.53; and 25.23 h. Four water column samples were taken 20 h after the end of the oil release, in three locations, at depth of ∼1.5 m, using a custom-built grab sampler (SI Section S-2). Sampling procedures are described in detail in SI Section S-2. Recorded slick surface area and wind speed measurements during the experiment are given in SI Section S-3.
■ EXPERIMENTAL AND COMPUTATIONAL

METHODS
Analysis of Oil Slick and Oil Sheen Samples. Oil slick and oil sheen samples were analyzed by GC×GC coupled to a flame ionization detector (GC×GC−FID); details of the 78 Therefore, the GC×GC− FID instrument response factor was assumed to be the same for all hydrocarbon compounds. 77, 79 This allowed quantitative comparisons of mass changes of both resolved and unresolved GC×GC-amenable hydrocarbon material between chromatograms of different samples. Collected oil sample chromatograms were then aligned to the neat oil chromatogram. 74 GC×GC chromatograms were finally normalized so that the total peak volumes of five consecutive n-alkanes, octocosane (n-C 28 ) to dotriacontane (n-C 32 ), were of the same magnitude in all chromatograms. These n-alkanes were considered unlikely to undergo significant fractionation, 77 and they exhibited relative changes in concentration of ≤15% during the experiment. In order to quantify the peak volumes for these and other individual compounds, we applied the GC Image implementation of the inverted watershed algorithm 76 to the (unaligned) chromatograms, after baseline-correction with the algorithm of Eilers (using lambda =10 4 for n-alkanes and 10 6.5 for PAHs). 77, 80 Not all petroleum compounds are GC×GC-amenable. Non-GC-amenable compounds include those with very high and very low boiling points that lie outside of the volatility range separated by the instrument, as well as compounds that are thermally unstable or that adhere to active sites within the chromatographic system. The mass contributions of the non-GC-amenable high boiling and low boiling fractions were estimated from true boiling point distillation data for Grane crude provided by Statoil 73 (SI Section S-1). The GC×GC analysis separated an elution range of n-C 9 to n-C 45 , which corresponds to a simulated distillation boiling point interval of 150 to 550°C. True distillation data show that 68.9% of the Grane crude oil mass falls within this boiling point window. Consequently we infer that 31.1% of the oil mass was not measured by GC×GC, having point boiling point >550°C or <150°C. In this article we will always refer to percentages of the whole oil including the non-GC-amenable fraction. This assumes that the very low-volatility (boiling point >550°C) compounds remained in the oil phase throughout the duration of the experiment. Several high-volatility compounds, including BTEX (benzene, toluene, ethylbenzene, and xylenes) and n-C 7 to n-C 9 n-alkanes, were modeled separately based on their concentrations in neat oil as measured by GC−FID and GC− MS (Table S-3). The remaining 5.6% of oil mass in the <174°C boiling point range was assumed immediately evaporated upon release, in our model calculations.
Analysis of Water Column Samples. Water column samples were analyzed for several PAHs and n-alkanes (n-C 8 − n-C 40 ) by gas chromatography coupled to a mass spectrometer (GC−MS) and by headspace GC with a flame ionization detector (GC−FID) for benzene, toluene, ethylbenzene, and xylenes (BTEX). Detailed analysis method descriptions are given in SI Section S-5.
Mass Transfer Model. A transport model was developed to describe mass transfer fluxes of hydrocarbons from floating oil into air and water, as well as downward turbulent mixing of dissolved hydrocarbons in the water column. The model was parametrized based on temperature, wind, and wave conditions observed during the experiment, as well as the observed lateral spreading of the slick detected by SeadarQ radar from the Arca and aerial overflight (SI Section S-3). The model was tailored to individual analyzed hydrocarbon compounds based on their known or estimated physical properties, as explained in detail below. None of the model parameters were calibrated based on the observed evolution of hydrocarbon concentration data in either the oil slick or the water column.
The model assumes a well-mixed, uniform layer of oil slick at the sea surface. Oil input to the sea surface was assumed a constant rate during the 1.15 h release period. In the model, the surface area of the oil slick was assumed to grow continuously such that its extent matched the oil slick footprint observed at several time points throughout the experiment (0.98 h before the end of the oil release; and 0.12; 0.93; 1.77; 3.30; 6.37; and 18.27 h after the end of the oil release). The modeled oil slick thickness varied with time and was updated iteratively based on the modeled quantity of total oil slick mass and the observed surface area of the oil slick footprint, assuming a constant oil density. Additionally, the oil slick formed during the field experiment was observed to be patchy, partly interspersed with a visible sheen (thinner oil layer) at the air−water interface. Hence, in the model, oil slick was assumed to cover only half of the footprint, or total sea surface area, explored by the oil spill. Emulsification of the oil in the slick was not visibly noticed during the experiment.
Hydrocarbon mass transfer fluxes (mass time −1 area −1 ) from the liquid oil phase into air and water were computed with a boundary layer model 
where δ j refers to the boundary layer thickness of phase j, D i,j is the diffusion coefficient of compound i in phase j, K i,j/k is the partition coefficient of compound i between phases j and k, C i,oil is the concentration present in the oil layer, and C i,water is the concentration in the uppermost water layer (1 m thickness). Equations 1 and 2 are comparable to expressions used previously to describe evaporation and dissolution of individual compounds from a liquid oil phase, 4, 43, 45, 57, 58, [64] [65] [66] [67] [68] [69] 71 and the correspondences between several of these models are explained in detail in SI Section S-6. Air and water boundary layer thicknesses (δ oil and δ water ) were estimated from wind speed.
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Observed wind speeds ranged from 3 to 4 degrees Beaufort (3.4−7.9 m s −1 ), and wind speed values used by the model correspond to the middle of the measured Beaufort intervals, with linear interpolation between measurements. Owing to the wind conditions and limited lateral extent of the oil slick, the air phase concentration of hydrocarbons was assumed negligible (zero) for the purposes of estimating evaporative mass transfer fluxes (eq 1). Vertical turbulent mixing in the water column was modeled with a finite difference formulation, where downward transport was assumed to follow Fick's first law
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where ΔC i,w is the concentration difference between two water layers for compound i, E is the vertical turbulent mixing coefficient of the water column, and Δz w is the thickness of the water layers (1 m each). A Neumann boundary condition or wall boundary (vertical concentration gradient equal to zero) 85 was imposed at the sea floor, which had ∼42 m depth. 86 Transport in the water column was assumed to have a vertical gradient only; i.e., dissolved hydrocarbons were assumed to be laterally well-mixed under the oil slick footprint but not extend laterally outside of the slick footprint. Based on an estimated lateral turbulent mixing coefficient of 50−250 m 2 s −1 , 81,84 the water mass below the slick was expected to mix 3−7 km laterally over the duration of the experiment. This is similar to the observed oil slick spreading extent of 1.4 km width and 5.2 km length. Therefore, the assumption that hydrocarbons were laterally well-mixed below the oil slick was assumed valid for this early phase of the oil spill. Volatilization of dissolved compounds from the "slick free" water surface (where sheen might be observed) was modeled using previously developed expressions for air−water mass transfer fluxes.
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Methods to estimate the vertical turbulent mixing coefficient of the water column based on wind speed have been reported, some of them in an oil spill modeling context. 87−90 However, these formulas neglect convective mixing, which may be dominant at night or in autumn and winter. Therefore, we estimated the air-sea heat flux balance during the experiment, based on wind speed, relative humidity, and air and water temperatures at K13 platform obtained from the Royal Netherlands Meteorological Institute (KNMI). 84,91−93 From these data, we interpreted that convection was the dominant mixing process in the water column throughout the entire duration of the experiment (SI Section S-7). Consistent with a convective mixing situation, we assumed a single mixed layer throughout the entire 42 m depth water column, based on literature reports describing the absence of pycnocline for nearby locations around this time of year. 94, 95 Based on the net heat flux, we thus estimated the vertical turbulent mixing coefficient, E, to be 0.22 m 2 s −1 throughout the water column during the entire period of the experiment (see SI Section S-7), using the expression
where α is the thermal expansivity of water, h is the water depth (∼42 m), H is the net heat flux (SI Figure S-5), C p is the specific heat capacity of water at constant pressure, ρ w is the water density, and k is a factor approximately equal to 0.5. 96 Mass transfer fluxes of oil hydrocarbon compounds more volatile than n-decane were modeled individually. For these compounds, partitioning from oil to air and water were estimated based on Raoult's law 81 using experimental vapor pressure and aqueous solubility data.
81, 97 Aqueous solubilities were corrected for salinity by dividing by a factor of 1.36. 98 Molecular diffusion constants in air and water were estimated from molar mass and corrected for temperature. 81 Partitioning properties and molar masses for hydrocarbons eluting between n-C 10 and n-C 24 were estimated from GC×GC retention time information (SI Section S-8). 43, 72 This includes intervening n-alkanes and other substituted aliphatic and aromatic hydrocarbons in the n-C 10 −n-C 24 elution window or boiling point range of 174 to 391°C. For both individually modeled compounds and GC×GC-analyzed hydrocarbons, estimated or experimental vapor pressure data at 25°C were temperaturecorrected to the surface water temperature of the field site, using enthalpy of vaporization estimates 72, 81 or data. 72, 97 Surface water temperature was estimated to be 16.1°C based on measurements at nearby locations (K13 platform and Europlatform). GC×GC-based estimates of aqueous solubility may or may not be valid for n-alkanes longer than n-C 11 , due to possible folding of straight-chained n-alkanes in aqueous solution, 99 an interpretation that is challenged by recent modeling results. 100 The oil molar volume (0.25 L mol −1 ) was estimated from the mass-weighted average of the molar mass divided by the measured oil density. Compounds with boiling points >391°C (corresponding to >n-C 24 ) were assumed unaffected by either dissolution or evaporation during the time frame of this experiment.
According to our model, mass transfer fluxes were not limited by molecular diffusion within the oil slick layer, but this process was nevertheless included in the model. Oil-side diffusion limitation of mass transfer fluxes is likely to be important for water-in-oil emulsions, 39, 41, 42 which were not observed during our experiment. D i,oil was estimated from molecular radius, oil viscosity, and temperature according to the Stokes−Einstein relation. 43, 81 Effective compound molecular radii were estimated from molar volume, assuming spherical molecule shape. 53 Oil viscosity was adjusted as a function of temperature (SI equation ES-22) 101 and of the fraction evaporated, 102 using a value of 5 for the "prefactor"; this value lies in between the value of 1 suggested for gasoline and the value of 10 used by Arey et al. for heavy fuel oil. 43 Dispersion, or oil-in-water emulsion, is the process of entrainment of oil droplets within the water column. Dispersed droplets reduce the amount of oil present within the oil slick and also enhance the rate of hydrocarbon dissolution. Most oil entrainment models are based on the work by Delvigne and Sweeney, 103 which is designed for entrainment by breaking waves. 104 The ADIOS model, 63 which is based on Delvigne and Sweeney's oil entrainment model, predicted 0.7% dispersion during the experiment (SI Section S-9). We estimated that 0.7% dispersion would increase truly dissolved concentrations of the most soluble PAHs by <20%; therefore, we chose not to include this process explicitly in the mass transfer model of our experiment.
We did not conduct a formal error propagation analysis based on model input parameter variability, because we judged that the most important uncertainties arose from the treatment of oil entrainment into the water column, the associated oil− water interactions, and water mass mixing controlled by water column stability. We briefly discuss the sensitivity of the model to these and other uncertainties in the Results and Discussion.
■ RESULTS AND DISCUSSION
Compositional Changes in Oil Slick and Oil Sheen Samples. Analysis of collected oil slick samples shows that volatile and/or soluble hydrocarbon compounds are removed rapidly from the floating oil during the first day of the oil spill, including several light n-alkanes and PAHs (Figure 1 samples OS1 and OS2, taken 0.58 h after the end of the oil release, exhibit 55% ± 9% loss of undecane (n-C 11 ) and 41% ± 10% loss of naphthalene, based on quantification of analyte peak volumes in GC×GC−FID chromatograms (SI Table S-5) . Samples OS5 and OS6, taken 25.23 h after the release, exhibited partial to total losses of two-to three-ring PAHs and >50% loss of n-alkanes up to n-C 17 (SI Table S-5) . We did not detect naphthalene in oil slick samples taken after 18 h, in agreement with the transport model and consistent with previous estimates 4 suggesting that naphthalene would disappear from a small sea-surface oil slick within 3 to 8 h after release. Two-ring PAHs are of particular concern for early exposures of organisms in the water column. 1 Normal alkanes and PAHs represent hydrocarbons that are typically evaluated during oil weathering studies. However, n-alkanes and parent PAHs in the n-C 7 −n-C 40 boiling range represent only <2% of the oil mass of Grane crude.
It is more instructive to study the systematic fractionation patterns that arise in GC×GC chromatograms of collected oil slick samples (Figure 1 ). GC×GC−FID chromatograms allow the visualization and quantification of mass changes affecting all resolved and unresolved hydrocarbon material eluting between n-C 9 and n-C 45 , corresponding to the 150 to 550°C boiling point range, which represents 68.9% of the total oil mass. In the oil slick samples, we observe a progressive removal of hydrocarbons that appears initially in the upper left region of the GC×GC chromatogram in early samples and encroaches toward the lower right region of the GC×GC chromatogram with increasing sample age (Figure 1 ). The observed hydrocarbon fractionation pattern aligns well with plotted contours of estimated liquid vapor pressures of the analyzed hydrocarbons, which decrease progressively from left to right in the GC×GC chromatogram, and plotted contours of estimated aqueous solubilities, which decrease monotonically from upper left to lower right (Figure 1b) . The observed removal of both resolved and unresolved hydrocarbon mass from oil slick samples is thus consistent with the expected combined effects of evaporation and dissolution, manifest as a disappearance of hydrocarbons systematically from the upper left to the lower right of the GC×GC chromatogram.
Mass transfer model simulations of oil slick evolution can be projected directly on the GC×GC chromatogram of the neat oil, 43 enabling the visualization of simulated oil slick sample chromatograms throughout the duration of the field experiment (Figure 1) . The mass transfer model predicts that hydrocarbon material removal corresponds to a progressive disappearance of compounds from upper left to lower right in the GC×GC chromatogram. On visual inspection, the mass transfer model agrees remarkably well with the six oil slick samples, correctly describing the pattern of mass removal in the GC×GC chromatogram as well as the progression of hydrocarbon removal with increasing sample age. A more quantitative analysis of the observed and simulated removal patterns is reported in the next section.
These measurement and modeling results imply fast evaporation and dissolution rates of oil hydrocarbons, when compared to other field studies. >50% losses of n-alkanes up to n-C 12 within 4.1 25 to 6 h 17 have been reported in two oil spill field experiments during which ≤2 m 3 of oil was spilt. Ezra et al. 105 reported removal of volatile compounds up to n-C 15 after 3 weeks for a beached residual fuel oil on the southeastern Mediterranean coast. Similarly, based on mass transfer calculations and field measurements at Nyes Neck beach, MA, Arey et al. 43 proposed a half-life of about 1 week for n-C 15 in a ∼0.04 mm thick coating of heavy fuel oil on beach cobbles. Early weathering rates at those field sites were also comparable to early weathering observed in Prince William Sound after the 1989 Exxon Valdez spill. 3 Compared to these previous field studies, our oil slick samples exhibited relatively fast losses of light (≤n-C 17 ) hydrocarbons.
Oil sheen samples exhibited yet faster fractionation rates than oil slick samples. We observed >50% losses for compounds more volatile than n-C 17 after only 1 h and up to n-C 19 after 4 h. GC×GC chromatograms of oil sheen samples show dramatically accelerated removal of resolved and unresolved hydrocarbon mass, when compared to oil slick samples of the same age (Figures 1, S-8) . Colloidal structures, which include films, water-in-oil emulsions, and dispersions, 106 play a major role in determining oil fractionation rate. 4,9,107−109 A very thin oil layer can fractionate very quickly: for example, while investigating ascending oil droplets from Santa Barbara natural offshore oil seep, Wardlaw and co-workers 9 estimated that a thin oil film of 0.3 μm thickness on the sea would exhibit significant evaporative losses of compounds in the C 12 −C 15 volatility range within minutes. Similarly, samples taken in 2012 from sheens appearing at the sea surface above the site of the Deepwater Horizon disaster were depleted of compounds more volatile than n-C 15 . 110 We did not attempt to make meaningful comparisons between the mass transfer model results and oil sheen samples, since the model was parametrized for the oil slick. Sheen samples have unknown histories and were assumed to have departed from or remixed with slick material at unknown times.
GC×GC−FID brings several important advantages to the present field study, complementing the GC−FID and GC−MS techniques conventionally employed for analysis of oil mixtures in the environment. GC×GC retention time information enables the estimation of environmental partitioning properties of all resolved and unresolved hydrocarbon material in the n-C 9 to n-C 25 elution range. 72, 111 By comparison, conventional GC retention times do not enable estimates of environmental partitioning properties other than vapor pressure and boiling point, and thus they convey limited information about the environmental fate of the unresolved hydrocarbon mass. Additionally, the FID instrument response factor can be assumed similar (±12%) for different analyzed hydrocarbon compounds. 77−79 Thus, it is possible to measure and also model the quantitative mass changes in the complete resolved and unresolved GC×GC-amenable hydrocarbon material that arises in different samples. By comparison, the 52 individual compounds that we quantified by GC−FID and GC−MS in the neat oil account for only 1.6% of the mass of this particular crude oil (SI Table S -3) . The GC−FID chromatogram of this oil presents a prominent unresolved complex mixture, likely arising from biodegradation in the Grane crude oil field that is characterized by at least two phases of oil reservoir charge. 112 Diagnosing Evaporation and Dissolution of Hydrocarbons Using Mass Loss Tables (MLTs) . To differentiate signatures of evaporation and dissolution in a quantitative way, we converted GC×GC chromatogram data into mass loss tables (MLTs). 44 MLTs are generated from finite element cells delineated by contours of estimated hydrocarbon vapor pressure and estimated aqueous solubility overlaid onto the GC×GC retention time space 44 ( Figure 1b) . MLTs show the mass losses of individual cells in a weathered sample relative to the neat oil, organized in volatility-vs-aqueous solubility space (Figure 2 ). This allows a straightforward visualization of the dominant physical processes leading to fractionation of the oil slick samples: aqueous dissolution leads to disappearance of hydrocarbon mass progressively from top rows to bottom rows of the MLT, whereas evaporation removes mass from leftmost columns progressively toward columns on the right. The MLTs also provide a basis for quantitative comparisons between mass transfer model predictions and observed fractionation patterns in oil slick samples from the field.
In agreement with the mass transfer model predictions, MLTs of collected oil slick samples exhibited an evaporation front progressing through time according to a decelerating trend (Figures 2 and S-9) . Evaporation is the dominant fractionation process, based on inspection of the MLTs. With the exception of sample OS3, the position of the evaporation front predicted by the model agrees with collected oil slick samples to within 1 log vapor pressure unit (SI Figure S-9) . Overall, the root-mean-squared-deviation (rmsd) of modelpredicted MLTs with respect to sample MLTs was 0.38 in the log M i (t)/M i (t 0 ) over the 155 MLT cells considered in each of the six oil slick field samples, thus entailing a comparison of model versus observations for 930 cells in total. This implies, for example, that if 80% mass loss was observed for a particular MLT cell, the model typically predicted a mass loss ranging from 52 to 92% for this cell. We interpret that the model captured the dominant evaporative weathering trend correctly (Figure 2) .
Subtle dissolution signatures are also evident in the MLT data of several oil slick samples, distinct from evaporation trends. Samples OS1 and OS2, taken 0.58 h after the end of the oil release, both show signs of dissolution. For both of these samples, the uppermost rows of the MLT exhibit mass removal that is superimposed onto the evaporation signature (Figure 2) . Samples OS4 and OS5, taken at 22.53 and 25.23 h, also exhibit a possible dissolution signature. By comparison, mass transfer simulations appear to underpredict dissolution extent at 0.58 h but are in closer agreement with compositional data for samples taken >20 h after the release.
Our analysis of hydrocarbon evaporation and dissolution processes takes a fundamental departure from conventional techniques that focus on the environmental behaviors of selected individual hydrocarbons that constitute a small fraction of the oil. Here, we compare model simulations and field observations of mass transfer fractionations affecting all resolved and unresolved hydrocarbon material in the 174 to 391°C boiling point range. This elution window contains 44% of the total oil mass and it comprises most of the hydrocarbon components that are affected by mass transfer during the initial 24 h after an oil release in the environment. Some other approaches model evaporation using pseudocomponents based on oil distillation curves; 63, 71 however, this cannot capture the dissolution process.
Hydrocarbon Contamination of the Water Column at 1.5 m Depth. Four water column samples taken at 1.5 m depth from three sampling locations, 20 h after the oil release, were analyzed for several individual hydrocarbon compounds (SI Table S -3) . For nine compounds having measured sample concentration values that exceeded the field blank value, we found that water column levels of extractable hydrocarbons implied mass apportionments to the water column that far exceeded the total hydrocarbon mass released during the spill (SI Table S -6) . Our confounded results may plausibly have arisen from cross-contamination of water column samples from the oil slick during sampling; other analytical error; field sampling variability; contamination from boats used during the experiment; or high background levels of hydrocarbons arising from resuspension of sediments due to the convective mixing regime of the water column. We thus concluded that the water column data were unreliable, and we omit further consideration of these results from the study.
Simulated Hydrocarbon Mass Apportionments to Air and Water. The mass transfer model allows the simulation of time-dependent apportionments of hydrocarbon mass transferred to air and water (SI Figure S-10) . According to the model, 74.0% of the whole oil remained in the slick, 25.7% was evaporated, and 0.3% was dissolved, 25 h after the oil release. Predictions after 2 days (71.1%, 28.4%, and 0.5% respectively) suggest that mass transfer rates decelerated rapidly after the first day (see also SI Animation S-1). Dispersion was estimated to be 0.7% based on the ADIOS model, 25 h after the oil release; this process was not considered in our mass transfer model.
Compound-specific mass apportionments were also calculated. Simulations predicted that 10% of naphthalene became dissolved and 90% was evaporated during the course of the experiment. According to the model, naphthalene was predicted to be already 52% depleted from the oil slick at the end of the oil release period, and 99% depleted 1 h later. Compound-specific mass apportionment predictions for BTEX, naphthalene, phenanthrene, anthracene, and n-C 7 to n-C 18 n-alkanes are shown in Table S-7. BTEX compounds were predicted to disappear very rapidly from the oil slick. Benzene became 13% dissolved and 87% evaporated, whereas toluene was 5% dissolved and 95% evaporated, according to our model.
Studying a thicker slick of emulsified Grane crude oil in icecold seawater, others have observed slower evaporation rates, reporting 10−18% evaporative mass loss after 2 days.
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Compared to our experiment, decelerated evaporation rate would be expected under colder temperatures, increased oil slick thickness, and water-in-oil emulsification. For example, our model would predict ∼17% evaporative mass loss if our experiment had taken place at 0°C (Figure S-11 ). For comparison, Wolfe et al. estimated that ∼10% of Exxon Valdez oil mass had evaporated within 1−2 days and that 3.5% was dispersed into the water column within the first 3 days of the 1989 oil spill in Prince William Sound, Alaska. 3 At these different sites, the mass transfer rates to air and water were dependent on oil composition, ambient temperature, turbulence-induced emulsification, and other environmental conditions. Hydrocarbon Evaporation Predicted by the Expressions of Fingas and by the ADIOS Model. We briefly evaluated the evaporation extent predicted by two empirical equations developed by Fingas 113 and also by the ADIOS oil spill model 63 (SI Section S-9). Both models underestimated early evaporation rates for the end of the present experiment. The Fingas equations predict an evaporation extent that would be equivalent to the loss of hydrocarbons up to only n-C 10 after 25.23 h, assuming that volatilization progressively removes hydrocarbons from the oil according to decreasing boiling point (Figure 1j) . By similar reasoning, the ADIOS model would predict evaporative removal up to n-C 13 (SI Section S-9). By comparison, the mass transfer model of the present study predicted >50% evaporative removal up to n-C 16 after 25.23 h, in closer agreement with collected oil slick samples that exhibited >50% removal up to n-C 17 ( Figure 1j , SI Table S-5). Oil slick thickness is not considered in the Fingas equations; however, the thickness plays an influential role in mass transfer rate of hydrocarbons during an oil spill. 4, 43, 53, 61 The thickness of an oil slick of a given volume is expected to influence the total mass loss rate by evaporation. This arises from the physics of interfaces, where the rate of mass loss depends on area of the interface (SI Section S-6). This interpretation is supported by reports from other field studies, 9, 110 as well as by the fact that collected oil sheens exhibited accelerated evaporative losses compared to thicker oil slick samples during our experiment (Figures 1, 2 , S-8, S-12). Nonetheless oil slick thickness is not included in some models used to describe mass loss rates from oil.
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Implications for Early Mass Transfer Processes and Resulting Ecological Exposures During Oil Spills. To our knowledge, this is the first study to report on the broadspectrum compositional evolution of an oil slick undergoing simultaneous evaporation and dissolution during the initial day of an open sea oil spill. Early fluxes of evaporated hydrocarbons are relevant for anticipating the inhalation exposure levels of downwind populations or personnel involved in emergency response. 115 Dissolution and dispersion of hydrocarbons into the water column control the exposures of marine organisms, and these exposures may be the most elevated during the initial hours or days after a release. However, for many light hydrocarbons, the kinetics of evaporation compete directly with kinetics of dissolution, and these two processes are thus difficult to disentangle in the field.
Ambient environmental conditions regulated the oil slick behavior and early mass transfer processes during this oil spill. With the aid of the mass transfer model, we can infer outcomes that may be expected under other temperature conditions, wind conditions, and water column stability conditions, and these are each discussed in turn below.
Evaporation flux and dissolution flux are both expected to be decelerated at low temperatures compared to higher temperatures. However, vapor pressure decreases with decreasing temperature more steeply than does aqueous solubility, for hydrocarbons. 81 Additionally, with decreasing temperature, diffusion coefficients in air and water both decrease, leading to decreased mass transfer velocities (length time −1 ) through the air and water boundary layers. Among these competing temperature effects, the temperature dependence of vapor pressure is expected to dominate. Thus, cold weather conditions are expected to produce increased mass apportionments to water relative to air, for the compounds that we studied. For example, according to the mass transfer model, a spill of Grane crude oil in cold seawater (3°C) would experience dissolution extent increased by 60% and evaporation extent decreased by 40% compared to the same spill in warm seawater (33°C) (Figure S-11) . In interpreting these predictions, the reader should bear in mind that our model includes a temperature correction to vapor pressure but not to aqueous solubility. The solubility correction may be significant for PAHs: aqueous solubility is decreased by 40% for naphthalene and 86% for phenanthrene at 3°C compared to 33°C.
81 This is discussed further in SI Section S-16. Wind speed strongly influences early mass transfer rates of hydrocarbons. Air and water boundary layer thicknesses are both decreased by increasing wind speed, and therefore increasing wind speed will lead to increased mass transfer rates to both air and water (SI Figure S-13) . Additionally, the entrainment of oil droplets into the water column would become important at wind speeds higher than those encountered during the experiment. 63, 103 Thus, under higher wind speed conditions, substantially higher quantities of hydrocarbons would become dispersed and would thereby lead to increased dissolution.
For this field experiment, the modeled vertical turbulent mixing coefficient, E, had little impact on total mass of hydrocarbons dissolved into the water column. However, E largely dictates the volume of water into which the hydrocarbons are diluted and thus the depth to which marine organisms are exposed. Our experiment took place in a shallow shelf sea during autumnal convection. This led to a high vertical turbulent mixing coefficient and no water column stratification, with dissolved hydrocarbons predicted to reach the sea bottom (42 m depth) within hours. For a stratified water column, the turbulent mixing coefficient near the sea surface usually will depend on the wind speed. Water column stability is also relevant to deep sea oil releases. For example, during the Deepwater Horizon oil spill, ∼1100 m depth intrusions of dissolved hydrocarbons into the highly stable Gulf of Mexico water column exhibited narrow vertical variability as far as 10 km downstream from the emission point. 7 The thickness of the oil layer affects the fractionation rates of highly toxic and soluble compounds such as naphthalene or phenanthrene. For example, the very rapid hydrocarbon fractionation exhibited by sheen samples, relative to slick samples, is related to the oil sheen thickness, which was estimated to lie near 0.1−0.3 μm according to its color.
116 By comparison, the oil slick thickness was an estimated 10 μm after the first hour of the experiment and decreased to an estimated thickness of <1 μm by the end of the experiment (Figure S-14) . A thinner slick would lead to more rapid fractionation of oil hydrocarbons arising from evaporation and dissolution. However, beneath a larger and thicker slick, higher concentrations within the water column would be expected, due to the larger load of oil mass per area of sea surface (calculations not shown).
Finally, the present study points to a key area where further insight is needed. Reliable water column composition data would prove an invaluable complement to oil slick composition data during the very early stages of an oil spill. This would provide a basis for closing the mass balance on estimated mass transfers to the water column. This includes the evaluation of accelerated hydrocarbon mass transfer rates resulting from entrainment of whole oil droplets in the water column, 108 addition of dispersants, 117 and DOC-enhanced mass transfer of hydrocarbons to the aqueous phase. 118 Additionally, under more energetic sea surface conditions than those reported here, early hydrocarbon mass transfers to the water column may be more difficult to estimate, due to turbulent entrainment of oil into the water column. A better understanding of these mechanisms and additional early field sample data are needed in order to properly assess ecological exposures during the initial hours and days of an oil spill.
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